1. Introduction {#sec1-nutrients-10-01170}
===============

Melanoma is the most rapidly increasing malignant skin disease, and is characterized by high lethality and frequent metastasis \[[@B1-nutrients-10-01170],[@B2-nutrients-10-01170]\]. The incidence of melanoma has risen faster than any other solid tumor \[[@B3-nutrients-10-01170]\]. According to a WHO report, there were 3.1 million new diagnoses of melanoma and 59,800 deaths due to the disease worldwide in 2015 \[[@B4-nutrients-10-01170]\]. UV exposure, genetic factors, DNA damage, and immune conditions are all recognized as contributors to melanoma development \[[@B1-nutrients-10-01170],[@B2-nutrients-10-01170]\]. Meanwhile, Reactive oxygen species (ROS), damaged DNA and altered cell homeostasis are also known to interact with inflammasomes \[[@B5-nutrients-10-01170],[@B6-nutrients-10-01170]\]. Following stimulation, such as UV light, keratinocytes, melanocytes, and Langerhans cells will secrete pro-inflammatory cytokines which build an inflammatory microenvironment allowing tumorigenesis and metastasis \[[@B7-nutrients-10-01170]\]. Therefore, researchers have linked melanoma with inflammation and confirmed that inflammation is chronically activated in human melanoma, acting as a promoter \[[@B8-nutrients-10-01170],[@B9-nutrients-10-01170],[@B10-nutrients-10-01170]\]. Different cytokines, like IL-6, TNF-α, IFN-γ, IL-10, and TGF-β1, have been reported to play a role in the progression and immunosurveillance escape of melanoma \[[@B11-nutrients-10-01170]\]. In addition, IL-1 was found to be expressed constitutively in most human melanoma and function to support molecular pathways of inflammation and facilitate the tumor growth \[[@B12-nutrients-10-01170]\]. Nucleotide-binding domain and leucine-rich repeat-containing receptors (NLRs) are the most important and well-studied inflammation signaling cascade initiators, and they also play a fundamental role in the regulation of proliferation, cell survival and death, ROS generation and angiogenesis \[[@B13-nutrients-10-01170],[@B14-nutrients-10-01170]\]. A recent report has pointed out that NLRP-1 is expressed constantly in human melanoma \[[@B10-nutrients-10-01170]\]. The knockdown of *NLRP-1* resulted in reduced IL-1β production and secretion, which led to the reduction of tumor proliferation in vivo and in vitro \[[@B10-nutrients-10-01170]\]. Thus, the NLR inflammatory pathways can be a potential target for melanoma therapy \[[@B15-nutrients-10-01170]\].

Autophagic cell death is considered to be one type of programmed cell death and interacts closely with apoptosis \[[@B16-nutrients-10-01170]\]. Cells undergoing autophagy can promote either go to survival or death, depending on which role autophagy plays in the response to the external stimuli \[[@B17-nutrients-10-01170],[@B18-nutrients-10-01170]\]. The activation of autophagy depends on Atg5/Atg7, which is associated with the truncation and lipidation of LC3, and beclin1 is indispensable for Atg5/Atg7-dependent autophagy. Beclin1 has a central role in autophagy and accumulates when the cell is under stress. It interacts with NLRs, such as NLRC4, NLRP3, NLRP1 and can be suppressed by Bcl-2 and Bcl-XL \[[@B19-nutrients-10-01170],[@B20-nutrients-10-01170],[@B21-nutrients-10-01170]\]. Therefore, beclin1 serves as a linkage between autophagy and inflammation, which is considered to be another way to regulate autophagy. On the other hand, growing evidence has shown that autophagy induced by antitumor agents enhanced their cytotoxicity against cancers, implying the therapeutic potential of autophagy in cancers \[[@B22-nutrients-10-01170],[@B23-nutrients-10-01170],[@B24-nutrients-10-01170]\].

The cell cycle is considered to be another target for restricting tumor proliferation \[[@B25-nutrients-10-01170]\]. Checkpoint signaling in the cell cycle also results in the activation of pathways leading to programmed cell death if cellular damage cannot be properly repaired \[[@B26-nutrients-10-01170]\]. In regard to cancer therapy, cell cycle deregulation sensitizes tumor cells in response to antitumor agents, and there is considerable evidence that the G2 phase delay can affect the survival of cancer cells \[[@B25-nutrients-10-01170]\]. The progression from G2 to the M phase is regulated by the cyclinB/cdk1 complex and can be interrupted by ATM and ATR \[[@B27-nutrients-10-01170]\]. In addition to the cyclinB/cdk1 complex, p21 also can disrupt the proliferating cell nuclear antigen (PCNA) and cdc25c to induce G2 cell-cycle arrest \[[@B25-nutrients-10-01170]\].

Nowadays, growing evidence have shown that bee hive derivatives have the potential for development in medical therapy. For instance, royal jelly and its fractions have been proven to have an antiproliferative effect on human neuroblastoma cells \[[@B28-nutrients-10-01170]\] and can be used as a functional food \[[@B29-nutrients-10-01170]\]. Another noticeable bee product is propolis. Propolis is a resinous product collected by the honey bee from plants and possesses a broad spectrum of biological activities \[[@B30-nutrients-10-01170],[@B31-nutrients-10-01170]\], and its use as a folk medicine can be traced back to ancient China. Research has been carried out to examine the antioxidant and anti-inflammatory effects of the combination of honey and propolis \[[@B32-nutrients-10-01170]\]. The antitumor effect of Chinese propolis (CP), such as eliciting apoptosis and cell cycle arrest in vivo and in vitro, has been reported in different cancer models including breast cancer, colon cancer, etc. \[[@B33-nutrients-10-01170],[@B34-nutrients-10-01170],[@B35-nutrients-10-01170],[@B36-nutrients-10-01170]\]. However, its application in melanoma therapy has not been observed yet. Here, for the first time, we presented the potential pharmacological use of CP for melanoma proliferation suppression via inducing apoptosis, S-G2/M phase arrest, autophagy, and inhibiting the inflammatory microenvironment in melanoma in vitro.

2. Materials and Methods {#sec2-nutrients-10-01170}
========================

2.1. Reagents {#sec2dot1-nutrients-10-01170}
-------------

Fetal bovine serum (FBS) was purchased from Gibco (New York, NY, USA). Chloroquine (CQ) and Fluorouracil (5-FU) were purchased from Sigma (St Louis, MO, USA). Propidium iodide (PI) and dimethyl sulfoxide (DMSO) were purchased from Sangon Biotechnology. Co. Ltd. (Shanghai, China). The primary antibodies against β-tublin, MMP-2, cyclinB1, p21, cdk-2, cdc-2, NLRP3, caspase-1, caspase-2, caspase-3, caspase-8, caspase-9, PARP, Bcl-2 and Bax along with anti-rabbit secondary antibodies (ab191866), were purchased from Abcam (Cambridge, UK). NLRP1, Atg12, p-chk1, LC-3 and MMP-9 antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Caspase-4, p62 and beclin1 antibodies were purchased from ProteintechGroup (Rosemont, PA, USA).

2.2. Cell Culture {#sec2dot2-nutrients-10-01170}
-----------------

HEK-293 and A375 cells were gifted by Zhejiang University of Traditional Chinese Medicine and authenticated by STR analysis. Cells were cultured in DMEM supplemented with 10% heat-inactivated FBS (Gibco) in 10 cm × 10 cm culture dishes at 37 °C in a humidified atmosphere of 5% CO~2~. Cells were grown to confluence prior to drug administration.

2.3. Extraction of Chinese Propolis (CP) {#sec2dot3-nutrients-10-01170}
----------------------------------------

The raw Chinese propolis was obtained from colonies of honey bee, *Apis mellifera* L., in Zhejiang province, and the main plant origin was poplar. Raw propolis was extracted by 95% (*v*/*v*) ethanol and sonicated at 40 °C for 3 h. The raw propolis was extracted three times. The combined supernatant was filtered through a paper filter to remove the residues, and the solvent was evaporated in a rotary evaporator under a reduced pressure at 50 °C to evaporate the ethanol until reaching a constant weight. CP was dissolved in ethanol (95%) to get 50 mg/mL stock solutions. Samples were stored at −20 °C for further use, and the 95% (*v/v*) ethanol was used as a vehicle control.

2.4. Liquid Chromatography−Mass Spectrometry (LC--MS) Analysis {#sec2dot4-nutrients-10-01170}
--------------------------------------------------------------

The major compounds determined in CP we used were similar to previous studies \[[@B33-nutrients-10-01170],[@B37-nutrients-10-01170]\]. A Waters UPLC (Waters Corp., Milford, MA, USA) was used for the analysis, and an Agilent ZORBAX-SB C18 column (100 mm length × 4.6 mm I.D. × 1.8 µm particle size) was used in all the chromatographic experiments. The mobile phases used were 0.1% formic acid/water (mobile phase A) and 0.1% formic acid/acetonitrile (mobile phase B), and the linear gradient programs were set as follows: 0/5, 2/5, 25/50, 33/95 (min/mobile phase B%). The sample injection volume was 10 μL. The column oven temperature was held at 30 °C, the flow rate was 0.8 mL min^−1^, and the UV detector was set at 254 nm. The mass spectrometry used in this research was the AB TripleTOF 5600 plus System (AB SCIEX, Framingham, MA, USA). The optimal MS conditions were set as follows: the scan range was 100--2000 m/z in negative ion mode, the source voltage was −4.5 kV, and the source temperature was 550 °C. The pressure of gas 1 (Air) and gas 2 (Air) were set to 50 psi, and the pressure of the curtain gas (N~2~) was set to 35 psi. The maximum allowed error was set to ±5 ppm. The declustering potential (DP) was 100 V, and collision energy (CE) was 10 V. The IDA-based auto-MS2 was performed on the eight most intense metabolite ions in a cycle of full scan cycle (1 s). The scan ranges of m/z of precursor ions and product ions were set as 100--2000 Da and 50--2000 Da, respectively. The CE voltage was set at −20, −40, and −60 V in the negative ESI mode. Ion release delay (IRD) was set at 67 and ion release width (IRW) was at 25. The exact mass calibration was performed automatically before each analysis by employing the Automated Calibration Delivery System.

2.5. Cell Viability Assay {#sec2dot5-nutrients-10-01170}
-------------------------

Cell viability was measured using the CCK-8 kit (cell counting kit-8) (Dojindo, Kumamoto, Japan) according to the manufacturer's instructions. Cells (2 × 10^4^) were seeded onto 96-well cell culture plates and were cultured in varying concentrations of CP after 24 h of incubation. After 48 h of treatment, the cells were incubated with 10 μL of CCK-8 at 37 °C for 2 h. The optical density was measured at 450 nm using a microplate reader (Bio-Rad Model550, Hercules, CA, USA).

2.6. Cell Apoptosis Assay {#sec2dot6-nutrients-10-01170}
-------------------------

A375 cells were treated with CP for 48 h and were then harvested, washed twice with phosphate-buffered saline (PBS), and centrifuged. Cells (1 × 10^5^) were seeded onto 6-well cell culture plates and treated with Annexin V-FITC and PI using the Apoptosis Detection Kit (Dojindo, Kumamoto, Japan) according to the manufacturer's protocol after 48 h treatment of CP. Annexin V-FITC and PI binding were analyzed by flow cytometry on FACSCalibur with CellQuest (Becton Dickinson, Franklin Lakes, NJ, USA).

2.7. Cell Cycle Assay {#sec2dot7-nutrients-10-01170}
---------------------

A375 cells were seeded at a density of 3 × 10^5^ in 60 mm culture dishes and grown to 50% confluence. Subsequently, the cells were cultured in serum-free medium for 24 h and then treated with 6--50 μg/mL of CP for 12--48 h in complete medium. After treatment, cells were collected and processed according to the Cell Cycle and Apoptosis Analysis kit purchased from Beyotime Biotechnology (Shanghai, China). The results were analyzed by software Modfit 3.0.

2.8. Western Blotting {#sec2dot8-nutrients-10-01170}
---------------------

A density of 1 × 10^5^ A375 cells were seeded onto 6-well plates. After 24 h, cells were treated with varying concentrations of CP for 12 h, 24 h and 48 h. Then cells were washed twice immediately with pre-chilled PBS on ice. The cytoplasmic proteins were lysed using RIPA mixed with protease inhibitors and phosphatase inhibitors (Roche, Basel, Switzerland). The protein concentration was measured by the BCA protein assay kit (Fudebio, Hangzhou, China). The protocol we used was that same with our previous publication \[[@B38-nutrients-10-01170]\].

2.9. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) {#sec2dot9-nutrients-10-01170}
---------------------------------------------------------------------------------

Total RNA from A375 cells was extracted using commercial RNA extraction kits (Aidlab Biotechnologies Co. Ltd., Beijing, China) according to the manufacturer's protocols. The concentration of RNA in the samples was measured by NanoDrop spectrophotometer (ND-2000, NanoDrop Technologies, Wilmington, DE, USA) and stored at −80 °C until further use. For cDNA synthesis, 1 μg of RNA was used with the Prime Script RT Master Mix (TaKaRa, Dalian, China). qRT-PCR was performed using StepOne plus (Applied Biosystems, Carlsbad, CA, USA) with a SYBR Premix Ex Taq (TaKaRa, Dalian, China) via a standard two-step PCR reaction. Specificity was confirmed by melting curve analysis. The housekeeping gene *GAPDH* was used to normalize the expression of the other target genes, and the results were expressed as 2^−ΔΔCt^. The primers we used are provided in [Table 1](#nutrients-10-01170-t001){ref-type="table"}.

2.10. Wound Healing Assay {#sec2dot10-nutrients-10-01170}
-------------------------

For the in vitro wound healing assay, we used culture insert 2-well (ibidi GmbH, Planegg, Germany) according to the manufacture's protocol. After 24 h the culture-insert was removed, leaving a cell-free gap of approximately 500 mm in width. Then the cells were treated with a vehicle (DMEM) or nonfatal concentrations of CP. The migration rate was documented every 12 h using a microscope.

2.11. ROS Determination {#sec2dot11-nutrients-10-01170}
-----------------------

To evaluate the levels of intracellular ROS, A375 cells were treated with the ROS-sensitive dye, DCFH2--DA, for 30 min at 37 °C under 5% CO~2~. The cells were then harvested and washed three times with PBS, after which the intensity of fluorescence was measured by flow cytometry using an excitation wavelength of 488 nm and an emission wavelength of 525 nm (Becton Dickinson, Franklin Lakes, NJ, USA).

2.12. Statistical Analysis {#sec2dot12-nutrients-10-01170}
--------------------------

For each assay, at least three experiments were conducted. Results are expressed as means ± SE. Comparisons between the control and each treatment were performed using Student's unpaired *t*-test (\* *p* \< 0.05; \*\* *p* \< 0.005; \*\*\* *p* \< 0.001).

3. Results {#sec3-nutrients-10-01170}
==========

3.1. Components Identified in CP {#sec3dot1-nutrients-10-01170}
--------------------------------

Based on previous studies, the main bioactive properties in CP were identified and quantified by LC-MS analysis ([Table 2](#nutrients-10-01170-t002){ref-type="table"}) \[[@B37-nutrients-10-01170],[@B40-nutrients-10-01170],[@B41-nutrients-10-01170]\], of which 3-O-Acetyl pinobanksin (73.81 mg/g), chrysin (50.99 mg/g) and pinocembrin (43.93 mg/g) were the three most abundant components in CP. Our previous study determined that pinocembrin has an antitumor effect on melanoma progression \[[@B38-nutrients-10-01170]\], and Pichichero et al. have proved that chrysin can inhibit melanoma proliferation in vitro \[[@B42-nutrients-10-01170]\]. Therefore, we assumed that CP may have cytotoxicity to melanoma cells.

3.2. CP Induces Mitochondria-Dependent Apoptosis in Human Melanoma Cell Line A375 {#sec3dot2-nutrients-10-01170}
---------------------------------------------------------------------------------

To investigate the antiproliferation effect of CP on human melanoma cells, we treated A375 cells with varying concentrations of CP from 6 μg/mL to 75 μg/mL and then evaluated the cell viability by CCK8 assay ([Figure 1](#nutrients-10-01170-f001){ref-type="fig"}A). We found that CP exerted significantly cytotoxic effect on A375 cells from 25 μg/mL in a dose-dependent manner with an IC~50~ value of approximately 112 μg/mL, while it did not cause any damage to HEK-293 cells (human embryonic kidney cell line) up to 75 μg/mL. In addition, we used the Annexin V-FITC/PI assay to assess the ratio of CP induced apoptosis in A375 cells. We found that 48 h treatment with 50 μg/mL CP resulted in 32.63% ± 1.99% apoptotic cells, as compared to 5.14% ± 2.08% in the control group ([Figure 1](#nutrients-10-01170-f001){ref-type="fig"}A).

After we confirmed that CP induced apoptotic cell death in the A375 cell line, we further investigated the molecular mechanisms underlying this phenomenon. The activation of the caspase cascade including caspase-8, caspase-9, caspase-3 and PARP was observed after 48 h treatment with 12.5 μg/mL CP ([Figure 1](#nutrients-10-01170-f001){ref-type="fig"}B). The role that mitochondria played in the CP-induced-caspase cascade was also analyzed. We examined the expression levels of Bcl-2 family proteins. Bcl-2 expression was diminished, while Bax was up-regulated after CP treatment. Meanwhile, the release of cytochrome c from mitochondria was observed. Its expression level in cytoplasm was elevated significantly at 12.5 μg/mL CP for 48 h or from 12 h at 25 μg/mL CP, indicating the dysfunction of mitochondria.

3.3. CP Induces S-G2/M Cell-Cycle Arrest in Human Melanoma Cell Line A375 {#sec3dot3-nutrients-10-01170}
-------------------------------------------------------------------------

We examined the cell-cycle distribution in A375 cells by flow cytometry after CP treatment by flow cytometry. After cells were treated with different concentrations of CP for 12, 24 and 48 h, we found that a large portion of cells were arrested at the S and G2/M phases of the cell cycle ([Figure 2](#nutrients-10-01170-f002){ref-type="fig"}A). After 25 μg/mL CP treatment for 12 h, or 48 h treatment with 12.5 μg/mL CP, cells blocked at the G2/M-phase were up to 18.06% ± 2.77% and 15.82% ± 2.05%, respectively, versus 9.11% ± 0.52% and 6.48% ± 2.04% in the control group. Collectively, the present results showed that exposure to CP damaged G2-M arrest and insulted to the human melanoma cells.

Cell cycle control is implemented through a series of checkpoints \[[@B43-nutrients-10-01170]\]. To understand how CP interrupts the cell cycle progression, we next examined the expressions of the cell cycle-related proteins cyclinB1, p-cdc-2, cdk-2, p21, and p-chk-1 ([Figure 2](#nutrients-10-01170-f002){ref-type="fig"}B). After 48 h treatment with CP, the expression level of cdk-2 was upregulated, while p-cdc-2 and cyclinB1 had decreased. p21 was over-expressed after treatment of CP. The alterations of protein expression were observed at 12 h, with a corresponding increase in the G2/M phase in flow cytometry results. In addition, p53 was found to be downregulated after CP treatment.

3.4. CP Prompts Apoptosis in A375 by Targeting NLRP1-Related Inflammatory Pathway {#sec3dot4-nutrients-10-01170}
---------------------------------------------------------------------------------

Inflammation has long been recognized to be closely associated with various types of cancer, especially with melanoma \[[@B8-nutrients-10-01170],[@B9-nutrients-10-01170],[@B15-nutrients-10-01170]\]. Interestingly, we found that NLRP1 responded significantly to CP treatment, while NLRP3 expression was not influenced obviously ([Figure 3](#nutrients-10-01170-f003){ref-type="fig"}A). On the other hand, the mRNA level of *NLRP1* was not consistent with the protein level and increased after CP treatment. In our study, the expression of the full-length form of caspase-1 increased, while the full-length form of caspase-2 subsequently decreased, revealing suppression of caspase-1 and activation of capase-2. Upon activation, the NLRs are known to cleave the caspase-1, which results in the activation of IL-1β \[[@B44-nutrients-10-01170]\]. Thus, we analyzed the mRNA levels of *IL-1β*, *IL-1α* and *IL-18* and found a significant decline after CP treatment, indicating the suppression of the inflammatory pathway ([Figure 3](#nutrients-10-01170-f003){ref-type="fig"}B). Furthermore, the ROS level was significantly decreased after being treated with 25 μg/mL CP for 48 h ([Figure 3](#nutrients-10-01170-f003){ref-type="fig"}B).

Considering that the IL-1 family has a close interaction with tumor metastasis, we performed the wound healing assay to examine if the CP treatment affects melanoma migration ([Figure 3](#nutrients-10-01170-f003){ref-type="fig"}C). In line with our expectation, the migration rate of melanoma cells was slowed significantly by CP. Furthermore, in CP-treated cells, we detected the decreasing expression of MMP-2 and MMP-9, which are necessary for tumor metastasis.

3.5. CP Triggers Autophagy in Human Melanoma, which Enhances its Cytotoxicity to A375 {#sec3dot5-nutrients-10-01170}
-------------------------------------------------------------------------------------

Autophagy has been recognized as a tumor survival mechanism that reacts to external stimuli like antitumor drugs \[[@B16-nutrients-10-01170],[@B18-nutrients-10-01170],[@B45-nutrients-10-01170]\]. We examined the hallmarks of autophagy, including LC3, p62, beclin1, and Atg5/Atg12, to see if autophagy responded to CP treatment ([Figure 4](#nutrients-10-01170-f004){ref-type="fig"}A). After being treated with CP for 48 h, the ratio of LC3-I/LC3-II decreased notably, while the Atg5/Atg12 complex and p62 increased, suggesting the activation of autophagy. Also, we found a down-regulation of beclin1 in CP-treated cells. To determine the role that autophagy played in CP-induced apoptosis, we applied CQ, an autophagy inhibitor, on CP-treated cells. Results showed that the apoptosis rate decreased significantly after co-treatment with CQ and CP in comparison with the CP-treated-only group ([Figure 4](#nutrients-10-01170-f004){ref-type="fig"}B), indicating that autophagy partly contributed to the pro-apoptotic effect of CP on melanoma.

4. Discussion {#sec4-nutrients-10-01170}
=============

Skin cancer is the third most common human malignancy, and its global incidence is rising at an alarming rate. Propolis, as an ancient folk medicine, has been recorded many times as having an antitumor effect on breast cancer, colon cancer, etc., along with its bio-components \[[@B33-nutrients-10-01170],[@B46-nutrients-10-01170],[@B47-nutrients-10-01170],[@B48-nutrients-10-01170],[@B49-nutrients-10-01170],[@B50-nutrients-10-01170]\]. Furthermore, Gismondi et al. noticed that propolis is an efficient UV blocker and can be added in sunscreen to prevent UV radiation damage \[[@B51-nutrients-10-01170]\]. However, the effect of CP on melanoma still remains unknown. Here, for the first time, we presented a potential pharmacological application of CP on melanoma proliferation suppression via induction of apoptosis, S-G2/M phase arrest, autophagy, and inhibition of the inflammatory microenvironment in melanoma in vitro.

Firstly, we identified the components in the CP we used in this study. Similar to previous studies on propolis obtained from China, the main components are flavonoid and polyphenol \[[@B37-nutrients-10-01170],[@B40-nutrients-10-01170],[@B52-nutrients-10-01170]\]. Our results show that the CP we used was rich in 3-O-Acetyl pinobanksin, chrysin, and pinocembrin. Chrysin and pinocembrin have been noticed for their pro-apoptotic effects on melanoma cell lines \[[@B38-nutrients-10-01170],[@B42-nutrients-10-01170]\]. Since the components of propolis vary according to the geographical origins and season, the functional properties and the biological functions of propolis from different locations also differ. A previous study tested Okinawa propolis (OP) on melanoma, but found that OP was only able to inhibit melanin production and had limited effect against melanoma proliferation \[[@B53-nutrients-10-01170]\].

We subsequently evaluated the anti-cancer ability of CP on human melanoma cell line A375 and discovered a dose-dependent cytotoxic effect toward A375, supported by an increase of the apoptosis rate and decline of cell viability ([Figure 1](#nutrients-10-01170-f001){ref-type="fig"}). To further delineate the molecular mechanism of cell growth inhibition and apoptosis induced by CP, we investigated the protein expressions of the caspase family including the initiators caspase-8 and caspase-9, executioner caspase-3, as well as PARP. Furthermore, the Western blot results also confirmed the involvement of mitochondria dysfunction in CP-induced apoptosis, as the anti-apoptotic protein Bcl-2 expression level declined, while pro-apoptotic protein Bax increased at the same time. The release of cytochrome c from mitochondria to cytoplasm also provided solid evidence of the mitochondrial outer membrane permeabilization. A previous study noticed that chrysin, enriched in CP, increased the expression of Bax in A375 cells \[[@B42-nutrients-10-01170]\]. In conclusion, these results provide strong evidence that a mitochondria-mediated intrinsic apoptosis and changes in the expression of Bax and Bcl-2 are induced by CP in A375 melanoma tumor cells. On the other hand, it has been reported that propolis was able to induced cell cycle arrest through the induction of Bcl-2/Bax regulation in a leukemic cell line \[[@B54-nutrients-10-01170]\].

Studies have highlightened that tumor cells with defective checkpoint functions are more vulnerable to anticancer agents \[[@B26-nutrients-10-01170]\]. Thus, the search for agents that interfere with cell cycle checkpoints has been a new direction toward enhancing the anti-tumor effect of tumor therapy. Our data suggested a G2/M phase arrest in CP-treated A375 cells. Previous studies also proved that propolis and its components deregulated the cell cycle in various tumor cells, suggesting that the cell cycle arrest may be universal in propolis-induced-apoptotic tumor cells \[[@B54-nutrients-10-01170],[@B55-nutrients-10-01170],[@B56-nutrients-10-01170],[@B57-nutrients-10-01170]\]. In our study, the p-chk-1 was elevated, resulting in the suppression of the subsequent stream of cyclinB1/cdc-2. The inhibition of cdc-2 activation is believed to be involved in the DNA damage-induced G2 arrest \[[@B58-nutrients-10-01170]\], while the elevation of cdk-2-promoting cells entering the S phase is in consistent with our flow cytometry result. Another key protein regulating the cell-cycle arrest is p21 \[[@B59-nutrients-10-01170],[@B60-nutrients-10-01170]\]. The p21 protein is synthesized in the G2 phase, promoting a pause in late G2 \[[@B61-nutrients-10-01170]\], and the G2 phase arrest can only be sustained when p21 is activated \[[@B62-nutrients-10-01170]\]. In our experiment, p21 was overexpressed after treatment of CP, and this contributes to the occurrence of G2/M arrest and DNA damage. In addition, p21 can disrupt the cell cycle in a p53-dependent or -independent manner \[[@B59-nutrients-10-01170],[@B60-nutrients-10-01170],[@B63-nutrients-10-01170]\]. Since p53 was found to be down regulated after CP treatment, we suggest that the up-regulation of p21 was mediated in a p53-independent manner.

The role that inflammation plays in tumor progression has been well studied \[[@B64-nutrients-10-01170]\]. The secretion of pro-inflammatory cytokines, including TNF, IL-1, and IL-8, is believed to build an inflammatory environment allowing tumor growth and metastasis \[[@B15-nutrients-10-01170]\]. When inflammation is activated, inflammasomes regulate caspase-1 activation and IL-1β secretion \[[@B15-nutrients-10-01170]\]. Studies have confirmed that IL-1β, IL-1α, IL-6, IL-8, IL-18 and their receptors are permanently expressed in malignant melanoma cells, suggesting that chronic inflammation exists during the melanoma development \[[@B65-nutrients-10-01170],[@B66-nutrients-10-01170],[@B67-nutrients-10-01170],[@B68-nutrients-10-01170],[@B69-nutrients-10-01170]\]. Propolis and its components have been well-known for inhibiting IL-1β secretion and for playing a role in NLRP3 and NLRC4 regulation \[[@B70-nutrients-10-01170]\]. Thus, we hypothesized that CP may exert its anti-inflammation effect on regulating melanoma progression and analyzed the expression of inflammation-related proteins by Western blot. We discovered that it is NLRP1, rather than NLRP3, was downregulated under CP treatment. In contrast to the NLRP1 protein level, its mRNA expression level is increased. Chai et al. also noticed that the mRNA level of *NLRP1* was not consistent with its protein level in human melanoma cell lines \[[@B10-nutrients-10-01170]\]. That may explain the variance between mRNA level and protein level of NLRP1 after CP treatment. NLRP1 and NLRP3 have been documented as activating the caspase-1 inflammasome, leading to IL-1β and IL-18 processing \[[@B71-nutrients-10-01170]\]. In our investigation, the mRNA level of *IL-1α*, *IL-1β*, and *IL-18* were all decreased, indicating the suppression of the inflammatory environment in human melanoma. Since NLRP1 is unique for containing a CARD binding motif, the activation of caspase-1 by NLRP1 does not require ASC involvement \[[@B13-nutrients-10-01170],[@B72-nutrients-10-01170],[@B73-nutrients-10-01170]\], and apoptotic caspases with a CARD domain, such as caspase-2 and caspase-9, are confirmed to be suppressed by NLRP1 \[[@B10-nutrients-10-01170]\]. Caspase-2 is as an important initiator caspase in intrinsic apoptosis pathways to guarantee cytochrome c release from mitochondria \[[@B74-nutrients-10-01170]\]. We found that caspase-2 was activated along with a decreased level of its full-length form after CP treatment, indicating that the intrinsic apoptosis induced by CP may partly be ascribed to the suppression of NLRP1 and the subsequent regulation of caspase-1, as well as caspase-2. Meanwhile, we discovered that another inflammatory caspase, caspase-4 \[[@B75-nutrients-10-01170]\], was downregulated, indicating that caspase-4 may also interact with NLRP1. Compared to recent studies indicating that NLRP1 is activated and able to promote tumor growth in human melanoma by enhancing inflammasome activity \[[@B9-nutrients-10-01170],[@B10-nutrients-10-01170],[@B15-nutrients-10-01170]\], we infer that it is NLRP1, rather than NLRP3, that is down-regulated under CP treatment, thereby attenuating the melanoma inflammatory microenvironment.

Furthermore, inflammation has been implied to associate with tumor metastasis. Thus, we also tested CP on the migration ability of A375 cells. In line with our expectation, the metastasis rate was slowed by CP in the wound healing assay. Meanwhile, the expression levels of MMP-2 and MMP-9 were also downregulated. Considering that chrysin has been reported to inhibit MMP-9 expression by suppressing ERK and JNK pathways, which are involved in the inflammation pathway in gastric cancer cells \[[@B76-nutrients-10-01170]\], we assume that the downregulation of the NLRP1-related inflammatory pathway also participates in the suppression of tumor metastasis in human melanoma cells induced by CP.

Autophagy was initially believed to be a tumor survival mechanism to help tumor cells against anticancer drugs; however, growing evidence suggests that autophagy can also promote apoptosis \[[@B23-nutrients-10-01170],[@B77-nutrients-10-01170],[@B78-nutrients-10-01170]\]. In our experiment, autophagy was activated by CP in human melanoma cells, which was confirmed by the decreasing LC3-I/LC3-II ratio and the accumulation of Atg5/Atg12, as well as p62. However, the expression of belcin1, which is reported to play a critical role in autophagosome formation, was down-regulated after CP treatment \[[@B79-nutrients-10-01170]\]. Taking into account that beclin1 interacts closely with inflammasome like NLRP-1, NLRP-3 and the Bcl-2 family, we inferred that the suppression of inflammation in CP-treated cells may have an influence on beclin1. On the other hand, there have been studies indicating that the induction of autophagy will reduce the caspase-1 dependent process of IL-1β secretion through an ROS-dependent mechanism \[[@B80-nutrients-10-01170]\]. Therefore, CP may be able to regulate the melanoma inflammatory microenvironment by activating autophagy. Then we applied CQ, an autophagy inhibitor, on CP-treated A375 cells. The apoptosis rate was dropped while comparing the co-incubation with CQ to CP treatment, suggesting that autophagy enhanced the cytotoxicity of CP on human melanoma. Therefore, CP may be able to regulate the melanoma inflammatory micro-environment by activating autophagy. A recent study has also reported that CP promoted autophagy in LPS-stimulated MDA-MB-231 cells \[[@B81-nutrients-10-01170]\], indicating that autophagy may be important in CP's anti-proliferation effect on tumors. Further experiments need to be carried out to elucidate the precise mechanism.

5. Conclusions {#sec5-nutrients-10-01170}
==============

In summary, the present study explored the in vitro anti-melanoma activity of CP. Here we firstly uncovered the pro-apoptosis effect and cell cycle arrest promotion of CP on human melanoma. The anti-inflammatory activity of CP by suppressing the NLRP1-related inflammatory pathway contributes to the suppression of melanoma progression. Also, autophagy was triggered after CP treatment, and inhibiting autophagy will weaken the cytotoxicity of CP against human melanoma cells. For a long time, people have paid much attention to the direct anti-tumor effect of propolis but ignored its combined effects with inflammation inhibition. We believe that this compelling evidence expands our understanding of the mechanism of the anti-melanoma ability of CP and provides a new approach for CP to be applied in melanoma therapy.
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![Chinese propolis (CP) exerted a pro-apoptotic effect on human melanoma cells via the mitochondria pathway. (**A**) The cells (A375, HEK-293) were cultured and incubated with 6 μg/mL, 12.5 μg/mL, 25 μg/mL, 50 μg/mL, 75 μg/mL CP and 50 μM Fluorouracil (5-FU) as a positive control for 48 h and were then analyzed using the cell counting kit-8 (CCK8) assay and Annexin-FITC/PI assay. \* *p* \< 0.05 and \*\* *p* \< 0.005 for the designated treatment versus the control (vehicle); (**B**) CP induced intrinsic apoptosis and changes in the expression of Bax and Bcl-2. After treatment with CP for 48 h, the expression of apoptosis related proteins including the caspase family and mitochondria-related proteins were analyzed by Western blot.](nutrients-10-01170-g001){#nutrients-10-01170-f001}

![Chinese propolis (CP) triggered G2/M phase arrest in human melanoma. (**A**) The changes in the distribution of cell cycle phases after CP treatment. A375 cells were treated with 6 μg/mL, 12.5 μg/mL, 25 μg/mL and 50 μg/mL CP for 48 h or with 25 μg/mL CP for 6 h, 12 h, 24 h and 48 h. \* *p* \< 0.05 and \*\*\* *p* \< 0.001 for the designated treatment versus the control (vehicle); (**B**) The expression of cell cycle regulation proteins was measured by Western blot.](nutrients-10-01170-g002){#nutrients-10-01170-f002}

###### 

Chinese propolis (CP) suppressed melanoma progression by targeting NLRP1. (**A**) CP inhibited inflammation in human melanoma by targeting NLRP1. The NLRs and related proteins were analyzed by Western blot. In contrast to protein level, *NLRP1* mRNA level was up-regulated; (**B**) The effect of CP on the *IL-1* family was measured by qRT-PCR. The mRNA expressions of *IL-1α*, *IL-β* and *IL-18* were all decreased significantly after treatment with CP. The ROS level in human melanoma was also downregulated by CP treatment. \* *p* \< 0.05, \*\* *p* \< 0.005 and \*\*\* *p* \< 0.001 for the designated treatment versus the control (vehicle). Each value represents the mean ± SEM for *n* = 6; (**C**) CP suppressed migration of human melanoma. A375 cells were treated with different concentrations of CP (6 μg/mL and 12.5 μg/mL). The migration ability was determined by the wound healing assay and images were obtained by a live imaging microscope every 12 h. The activity and abundance of MMP-9 and MMP-2 of A375 cells treated with different concentration of CP (0, 6, 12.5, 25 μg/mL) for 48 h was determined by Western blot analysis.

![](nutrients-10-01170-g003a)

![](nutrients-10-01170-g003b)

![Autophagy was induced in human melanoma cells after Chinese propolis (CP) treatment, which contributed to apoptosis. (**A**) The expressions of the Atg5/Atg12 complex, Beclin1, p62 and LC-3 conversion in A375 cells after CP treatment at different doses (12.5 μg/mL, 25 μg/mL, 50 μg/mL) and times (12 h, 24 h and 48 h) were analyzed by Western blotting (**B**) The apoptosis rate induced by CP was reduced after autophagy was inhibited. A concentration of 2.5 μM chloroquine (CQ) was applied to 50 μg/mL CP-treated A375 cells to suppress autophagy. The apoptosis rate was declined significantly after co-treatment with CQ and CP in comparison with the CP-treated group. \*\* *p* \< 0.005 and \*\*\* *p* \< 0.001 for the designated treatment versus the control (vehicle). FL1-H and FL2-H represent the specific fluorescence.](nutrients-10-01170-g004){#nutrients-10-01170-f004}

nutrients-10-01170-t001_Table 1

###### 

The primers used in quantitative RT-PCR. *GADPH* and *NLRP1* were obtained from Zhai et al. \[[@B10-nutrients-10-01170]\]. The *IL-1α*, *IL-1β* and *IL-18* were obtained from Primerbank \[[@B39-nutrients-10-01170]\].

  NAME      Forward                   Reverse
  --------- ------------------------- ------------------------
  *GADPH*   CAGGGCTGCTTTTAACTCTGG     TGGGTGGAATCATATTGGAACA
  *NLRP1*   GCTGGACCAGACAACTCTGA      GGTTTCCGTCTGCTGAAGAT
  *IL-1α*   TGGTAGTAGCAACCAACGGGA     ACTTTGATTGAGGGCGTCATTC
  *IL-1β*   AGCTACGAATCTCCGACCAC      CGTTATCCCATGTGTCGAAGAA
  *IL-18*   TCTTCATTGACCAAGGAAATCGG   TCCGGGGTGCATTATCTCTAC

nutrients-10-01170-t002_Table 2

###### 

The components identified in Chinese propolis (CP).

  Compounds                    RT(min)   \[M + 1\]^+^   Content (mg/g)
  ---------------------------- --------- -------------- ----------------
  Caffeic acid                 8.26      181.04226      8.24
  p-Coumaric acid              10.36     165.04734      4.97
  Ferulic acid                 11.35     195.05791      2.58
  Isoferulic acid              11.87     195.05791      3.16
  Cinnamic acid                12.21     149.05243      0.62
  Vanillic acid                15.04     169.04226      
  Kaempferol                   16.26     287.04774      1.72
  Myricetin                    16.38     319.03757      
  Quercetin                    16.39     303.04265      1.75
  3,4-dimethoxycinnamic acid   17.02     209.07356      9.26
  Apigenin                     18.41     271.05282      3.61
  Pinobanksin                  18.82     273.06847      35.99
  Luteotin                     18.90     287.04774      
  Caffeic acid benzyl ester    23.61     271.08921      
  Chrysin                      23.66     255.05791      50.99
  Pinocembrin                  24.22     257.07356      43.93
  Galangin                     24.44     271.05282      18.24
  CAPE                         24.74     285.10486      15.79
  3-O-Acetyl pinobanksin       24.91     315.07904      73.81
  Rutin                        32.10     611.15339      
